Introduction
Biological invasions are regarded to be amongst the most important drivers of adverse changes to ecosystems (Parker et al. 1999; Mack et al. 2000; Vilà et al. 2006) . Alien invasive species may inflict significant and costly damage to both natural and managed ecosystems (Manchester & Bullock 2000) , requiring very expensive control measures (Pimentel 2011) . Dominant invasive species suppress native plants and can greatly reduce the abundance and survival of native species (Pyšek & Pyšek 1995; Mack et al. 2000; Manchester & Bullock 2000; Foggi et al. 2011) . The effect of invasive plant species on the diversity and composition of resident vegetation varies greatly depending on the degree of invasiveness of the species concerned and community invasibility (Richardson & Pyšek 2006) . Invading species capable of forming dense populations can have a profound effect on species diversity and evenness at the community level and reduce species diversity at higher levels, thus representing a serious hazard to the landscape (Hejda et al. 2009 ).
One successful colonizer of Central Europe, that has spread rapidly in recent decades, is Bunias orientalis L. (Brassicaceae) . The population ecology of this species relative to its invasiveness has been the subject of many studies (e.g., Steinlein et al. 1996; Dietz & Ullman 1997 Dietz et al. , 1999a Dietz et al. , 1999b Steinlein & Dietz 2002; Křivánek 2004; Buschmann et al. 2005 ). This polycarpic perennial plant produces a semi-rosette and lives for 12 years or more (Steinlein & Dietz 2002) , eventually reaching a height of up to 1.7 m (Steinlein et al. 1996) , each plant producing up to 4500 barochorically dispersed fruit (Dietz et al. 1999b) . It is particularly well (pre)adapted to anthropogenic disturbances. Its success in colonizing and dominating disturbed stands can be attributed to its abundant seed production, low seedling mortality, the vigorous growth of juvenile plants, rapid and vigorous rosette regeneration following mowing, its perennial habit and its capacity to regenerate stands, even from very small root fragments (Steinlein et al. 1996; Dietz et al. 1999b ). Despite its low competitive ability compared with other ruderal forbs , B. orientalis, owing to its temporal phenological niche separation from other species, can establish stands efficiently and persist even in habitats that are occasionally subject to a relatively small amount of disturbance and are dominated by tall, herbaceous perennials (Dietz & Ullmann 1997) .
Bunias orientalis presumably originates from Eastern Europe and Central Asia (Vasil'chenko 1939; Smejkal 2003) and was introduced to Central Europe in the 18 th century. From there, it slowly spread to the continental parts of Western and Northern Europe (Meusel et al. 1965) . It was recorded for the first time from present-day Poland in 1858 and, during the next decades, it gradually spread throughout that country 324 P. Kie ltyk Tokarska-Guzik 2005) . By the middle of the 20 th century, B. orientalis had begun to increase rapidly resulting in the increased frequency of stands in the secondary range (Jehlik & Slavík 1968; Sudnik-Wójcikowska 1987; Brandes 1991; Steinlein et al. 1996; Tokarska-Guzik 2005) . Currently, this species is widespread in Poland, occurring most frequently in south-eastern and southern parts of the country (Zając & Zając 2001) . It spreads along communication routes, mainly on railway embankments and roadsides (Fija lkowski 1963 (Fija lkowski , 1967 Święs & Kucharczyk 1982; Święs 1986; SudnikWójcikowska 1987; Święs & Kwiatkowska-Farbiś 1997) , where it is able to form dense populations, which were described by Fija lkowski (1978) as Bunietum orientalis associations. In southern Poland, especially in submontane regions, B. orientalis has also frequently been reported to grow on gravel-banks and riverside shrubs, meadows in river and stream valleys, as well as grasslands (Mirek & Piękoś-Mirkowa 1987; Zemanek 1989; Zemanek & Winnicki 1999; Pacyna 2004; Kwiatkowski 2006) .
The first record of B. orientalis from the northern sub-Tatra region dates from 1925-1929, where it was found at the entrance to the Dolina Strążyska valley (Paw lowski 1930) . Following World War II, an increase in the frequency of stands was recorded for the Zakopane Basin (Paw lowski 1956; Radwańska-Paryska 1963; Mirek & Piękoś-Mirkowa 1984) . Since the 1980s, B. orientalis has been regarded to represent a fully established element of the synanthropic flora of the Zakopane Basin, spreading both on anthropogenic sites and meadows (Mirek & Piękoś-Mirkowa 1987 . Unfortunately, the expansion of B. orientalis may pose a threat to the glades and meadows of the Tatra National Park, where it is already known to occur (Mirek & Piękoś-Mirkowa 1984; Piękoś-Mirkowa 2002) .
This study focuses on the expansion of B. orientalis in the northern sub-Tatra region, and on its possible impact on the communities that it invades. More specifically, it was aimed at analysing the distribution pattern of B. orientalis in the Rów Podtatrzański trench relative to the elevation gradient and invaded habitats, and assessing relationships that may exist between the relative abundance of B. orientalis, vascular plant diversity and the species composition of invaded communities. A preliminary hypothesis was tested that B. orientalis, may considerably reduce the species diversity of invaded patches and change the structure of native vegetation.
Material and methods

Study area
The study was carried out in the Polish part of the Rów Podtatrzański trench, in the northern foothills of the Tatra Mts. (Fig. 1) . All the main valleys of the Tatra National Park were also surveyed. Rów Podtatrzański trench is a latitudinal depression formed by springs flowing from the Tatra Mts. The central part of the trench is formed by the Zakopane Basin. The trench is situated in the vertical zone of the temperate cool climatic belt (Hess 1965) and in the lower montane vegetation belt. Climatic conditions for this area and measured in the town of Zakopane are characterized by: a mean annual temperature of 4.9
• C, a mean temperature of 14.8
• C in July (the warmest month), a mean temperature of -5.8
• C in January (the coldest month), the length of the period having an average daily temperature above 5
• C being 184 d, the length of the period having an average daily temperature above 10
• C being 123 d, and the mean annual precipitation being 1136 mm (K lapowa 1993).
The Zakopane Basin, where B. orientalis has frequently been recorded, was searched thoroughly for stands of this species, whereas in the remainder of the Rów Podtatrzański trench, where the species has previously never been recorded, observations were carried out on roadsides and adjacent terrain, but only along main and side roads. In the Tatra National Park, B. orientalis distribution was surveyed along roads and tracks for all the main valleys.
Field work
Field work was conducted during the growing seasons of [2004] [2005] . All stands of B. orientalis found in the study area were recorded and plotted on the distribution map (Fig. 2) . A single stand was defined as a site where one or more plants of B. orientalis grew at a distance of at least 20 m from other plants of this species. Population structure of B. orientalis was recorded for three developmental stages: seedlings, juvenile 0-1 year rosette plants and flowering adult plants. Seventy-seven stands of B. orientalis, representing the different types of habitat and the spatial distribution of the species within the study area, were examined, and each individual rosette and flowering plant scored for a 5 × 5 m plot. Seedlings of B. orientalis were also scored for three 1 × 1 m sub-plots of each of the 77 plots and the average values per plot calculated. In order to assess the abundance of B. orientalis along an altitudinal gradient and in different habitats more accurately, rosettes and flowering plants of this species were scored for an additional 153 plots measuring 5 × 5 m at stands where B. orientalis was abundant. Thus, rosette and flowering specimens of B. orientalis were scored for a total of 230 plots, and seedlings for 77 plots. For these 77 plots, vegetation was also sampled according to the six-class cover scale method of Braun-Blanquet, whereas the abundance of B. orientalis was estimated in terms of percentage cover. Analyses of diversity and vegetation composition in plots differing in the extent of B. orientalis cover were performed for 70 plots: 31 situated in meadows and 39 in anthropogenic locations, such as railway embankments, roadsides, soil and rubble dumps, ruderal places etc. Plots located in pastures (7 samples) were excluded from these analyses because quantitative data relating to species abundance were not comparable with other investigated plots, since the pastures were heavily grazed by sheep.
Data analysis
Altitudinal distribution for all stands of B. orientalis, population structure along the altitudinal gradient and for different types of habitats, together with the phytosociological spectrum of B. orientalis, were presented as graphs. Species were ascribed to phytosociological classes according to Matuszkiewicz (2001) and Zarzycki et al. (2002) . The relationship between the relative abundance of B. orientalis and species diversity was examined by analysing the number of vascular plant species present and the diversity indices for vegetation samples differing in the degree of cover by B. orientalis. The cover values of plant species were used in calculating the Inverse Simpson diversity index and Pielou's measure of evenness (Magurran 2004; Kent 2012) . For calculations, Braun-Blanquet cover-abundance values +, 1, 2, 3, 4 and 5 were transformed to 0.1, 2.5, 15.0, 37.5, 62.5 and 87.5, respectively (Wildi 2010) .
The statistical significance of relationships between cover by B. orientalis in invaded plots and diversity indices, as well as vegetation composition, was tested using linear regression analysis (Zar 2010) . In order to reveal and visualize potentially non-linear relationships, local polynomial regression fitting was applied and LOESS smoothing curve was drawn on scatterplots (Maindonald & Braun 2012) . All computations and graphical displays were accomplished using R (R Core Team 2012) with package vegan (Oksanen et al. 2013 ) for diversity calculations.
Results
Distribution of B. orientalis
During this study, B. orientalis was found in 142 stands scattered throughout the Zakopane Basin (Fig. 2) . In the remaining part of the Rów Podtatrzański trench included in the study, and in the Tatra National Park, B. orientalis was not recorded. The species was quite frequent in some parts of the basin. In the lower part of the Zakopane Basin, it was very frequent between Poronin, Ustup and Guty, where it grew in great numbers on railway embankments, roadsides and in adjacent meadows. In the central part of Zakopane, it was frequent in a meadow Górna Rówień Krupowa, on the banks of the Zakopianka river, and in ruderal locations near Szkolna Street. In the western part of the basin, stands of B. orientalis were numerous below the entrance to the Dolina Strążyska valley, in meadows and pastures atŻywczańskie and Kasprusie, below the entrance to the Dolina Ma lej Ląki valley near the Ma lo lącki Potok stream, and in the environs of the Polana Bia lego glade. The distribution of B. orientalis stands in the Zakopane Basin had changed slightly during the 20 years preceding this study (cf. Fig. 44 , p. 123 in Mirek & Piękoś-Mirkowa 1987) . However, some previously recorded stands were not found in the present investigation, and some new stands were found. Generally, number of stands of B. orientalis increased mainly in those parts of the basin where the species had already been frequent.
Bunias orientalis occurred in the Zakopane Basin at altitudes ranging from 750 m a.s.l. near Poronin village to over 900 m a.s.l. near the entrance to the Dolina Ma lej Ląki valley. However, above 900 m a.s.l. there was a marked decrease in the number of stands (Fig. 3) . Only two stands of the species reached an altitude of above 1000 m a.s.l., on the southern slope of Guba lówka hill (1047 m a.s.l.) and on Toporowa Cyrhla (1035 m a.s.l.). A smaller number of stands also occurred between 800 and 850 m a.s.l. in a relatively narrow area of the Zakopane Basin flanked by the slopes of Bachledzki Wierch and Wzniesienie Guba lowskie hills. Sixty-three percent of B. orientalis stands were composed of a dozen to several dozen specimens of this species; 30% were composed of one to several specimens, and 7% were composed of several hundred specimens. The species was found to grow in a range of different sites. Sixty percent of these had been sites disturbed by human activity. These included railway embankments, roadsides and road ditches, heavily trampled edges of lawns, soil and rubble dumps, ruderal places and river banks. The remaining 40% of B. orientalis sites consisted of meadows and pastures.
Population structure All plots were dominated by seedlings, which represented 86% of the total number of B. orientalis individuals present, whereas flowering and rosette plants represented 8% and 6%, respectively. A distinct reduc- tion in the number of established plants and seedlings per unit area was observed at altitudes above 900 m a.s.l. (Fig. 4) . Comparison with the population structure of invaded meadows and anthropogenic habitats showed that in each case, the density (number per unit area) of seedlings and established plants was very similar (Fig. 5) . Although the number of seedlings in pastures was very low, the number of established plants in pastures was approximately twice that in meadows and anthropogenic sites. Phytosociological spectrum and species diversity The composition of relevés containing B. orientalis varied widely, the number of species ranging from 17 to 47. Invaded vegetation patches were dominated by meadow species of the Molinio-Arrhenatheretea class in respect to both species number and plant cover (Fig. 6) . Only on anthropogenic sites was a marked participation by species of the Artemisietea vulgaris class, predominantly nitrophytic taxa, observed. Companion species belonging to all other phytosociological classes were less important due to their very low occurrence in invaded patches of vegetation.
Species richness varied widely between investigated plots (Fig. 7) . In meadows, the number of species tended to be fewer in vegetation patches containing a greater abundance of B. orientalis. However, this relationship was not statistically significant (Table 1) . More obvious, considering the abundance of species, were those relationships between B. orientalis cover and the Inverse Simpson diversity index, as well as Pielou's evenness value. In meadows, a sustained reduction in species diversity and evenness was observed, together with an increase in B. orientalis cover, and regression analysis demonstrated this be highly significant (P < 0.001, Table 1 ). On anthropogenic sites, species diversity initially increased by as much as ca. 40% B. orientalis cover, but above 50%, there was a sudden reduction in diversity and evenness (Fig. 7) . Linear regression, however, failed to reveal any statistically significant pattern (Table 1) , as might be expected by the strong non-linear relationship between variables, and as indicated by the polynomial regression curve (Fig. 7 ).
An increase in B. orientalis cover in meadows re- sulted in a significant reduction in the total cover of all other species (Fig. 8 , P < 0.001, Table 2 ). In meadows, this reduction resultd predominantly from a decline in total cover by species of the Molinio-Arrhenatheretea (P < 0.011, Table 2 ). In anthropogenic habitats, no significant relationships were found to exist between B. orientalis cover and the abundance of species from phytosociological classes. Significance of the regression coefficient was marked as follows: * 0.05-0.01, ** 0.01-0.001, *** < 0.001
Discussion
Expansion of B. orientalis poses a considerable threat to the native vegetation of the northern sub-Tatra region, as well as to the adjacent Tatra National Park. This species steadily increases in frequency in anthropogenic habitats and often enters semi-natural meadow and pasture communities. Increased B. orientalis cover in vegetation patches is accompanied by decrease in other species cover and, as a consequence, a considerable decline in species diversity and evenness. In the lowlands of Central Europe, B. orientalis has spread rapidly in recent years. According to data presented by Tokarska-Guzik (2005) , Polish stations of this species increased more than tenfold in the second half of the 20 th century. Williamson et al. (2005) estimated a long-term spread rate of 1.55 km per year for B. orientalis in the Czech Republic, whereas Steinlein at al. (1996) found that this species, over a period of two years, invaded 50% of the formerly free roadside sections investigated in Unterfranken (southern Germany). However, a comparison of the current distribution of B. orientalis in the area studied with that recorded by Mirek & Piękoś-Mirkowa (1987) 20 years earlier suggests that the expansion rate in Rów Podtatrzański trench is not as high as that in the lowlands. It is worth mentioning that although this species has been present in the Zakopane Basin for many decades (Paw lowski 1930 (Paw lowski , 1956 Radwańska-Paryska 1963) , it has not, as yet, spread to other parts of the Rów Podta-trzański trench. The relatively low rate of spread for the species does not necessarily indicate a limited capacity to spread, but may merely be due to a paucity of longdistance dispersal vectors. Bunias orientalis lacks dispersal devices on its seeds. Steinlein et al. (1996) , however, pointed out that anthropogenic transportation of soil containing fruits and highly regenerative root fragments can provide a very efficient mechanism for the rapid spread of the species along highways. Seed banks of B. orientalis can consist of up to 10,000 fruits/m 2 , whereas 93% of small, 3 cm long root fragments regenerated to produce adult plants (Steinlein et al. 1996) . It would appear that in the Zakopane Basin, human-mediated dispersal also plays a major role in the spread of B. orientalis. Single plants of spatially isolated stands grew mainly in places where earthworks had recently been carried out, e.g. on road embankments and verges, as well as on soil and rubble dumps. It is likely that propagules of B. orientalis were carried there with transported soil or gravel used in maintenance or construction works, or on wheels coated with clay. The low number of main roads, on which maintenance works are regularly carried out may, therefore, limit the spread rate of B. orientalis in the Rów Podtatrzański trench. In many parts of the trench, the road network is sparse, and is composed mainly of local roads and tracks. The chance of accidentally introducing B. orientalis to such places is very low due to the limited occurrence of dispersal vectors closely associated with roads (Christen & Matlack 2006; Alexander et al. 2009 ).
The distribution of B. orientalis in the Zakopane Basin indicates that it can grow throughout the full altitudinal range of the basin. However, a decline in the number of specimens of B. orientalis per plot above 900 m a.s.l. may be caused by climatic constraints, biotic interactions within communities or from its very recent introduction to these sites. Nevertheless, the occurrence of some normally developed individuals, seedlings and rosette plants above 1000 m a.s.l. indicate that this species has the biological capacity to grow at these altitudes. However, it is not certain whether it can develop stable populations at these heights, or whether it occurs there only as a temporary casual species.
The results concerning population structure indicated that both meadows and anthropogenic sites were dominated by seedlings. However, in pastures there was an unexpected change in a population structure. Number of established plants in pastures was two times higher than in meadows or anthropogenic sites, whereas number of seedlings in pastures was approximately five times lower than in the other two habitats. It may suggest that B. orientalis may efficiently spread in pastures by vegetative reproduction. Low number of seedlings in pastures with comparison to other habitats most likely resulted from low efficiency of seed production. Almost all plants of B. orientalis growing in pastures had a height not exceeding 40-50 cm and their inflorescences consisted only of few flowers, as they had been regularly grazed by ships (pers. obs.). A high density of established plants of B. orientalis in pastures may thus be explained by its capacity for propagation from highly regenerative root fragments (Steinlein et al. 1996) . In early spring when a soil is very wet and vegetation not fully developed a herd of ship strongly disturb soil surface. This disturbance may be a possible factor of root fragmentation and its local translocation favouring successful spread of the species in pastures.
In the Zakopane Basin, like in other regions of Central Europe, B. orientalis exhibits a relatively wide ecological tolerance. It grows here in anthropogenic habitats, such as on railway embankments and road verges, as well as in pastures and meadows. In the lowlands of Central Europe, B. orientalis is associated mainly with species of the Artemisietea vulgaris and Molinio-Arrhenatheretea classes (Brandes 1991) . Similarly, Steinlein et al. (1996) found that patches containing B. orientalis in southern Germany were mainly composed of species of Arrhenatheretea and the Artemisietea, the majority of the latter (nitrophytic group) occurring on stands where B. orientalis covered over 25% of the ground. Bąba & Kompa la-Bąba (2008) found that in the Silesian Upland (southern Poland), B. orientalis occurred in three types of plant communities; those with dominant nitrophytic species of the Aegopodion podagrariae alliance (Artemisietea class), those with dominant meadow species of the MolinioArrhenatheretea class and those with dominant thermophilous, ruderal species of the Onopordion acanthi alliance (Artemisietea class). In the Zakopane Basin, vegetation patches containing B. orientalis were completely dominated by meadow species of the Arrhenatheretea class, and only in anthropogenic habitats were species of the Artemisietea (mainly nitrophytic) codominant. This dominance of the Arrhenatheretea in invaded plots is caused by B. orientalis frequently entering meadow communities dominated by species of the Arrhenatheretea. Moreover, the vegetation of anthropogenic sites in the Zakopane Basin is, to a considerable extent, composed of native plants arriving from meadows, since the climatic conditions of the lower montane belt limit the presence of many thermophilous ruderal plants, especially those of Onopordetalia (Artemisietea class) which, in the lowlands, grow in this type of habitat (Matuszkiewicz 2001) .
Invasions by alien plants often results in reduced biodiversity (e.g., Pyšek & Pyšek 1995; Vilà et al. 2006; Hejda et al. 2009; Foggi et al. 2011) . Brandes (1991) found that stands dominated by B. orientalis contained a smaller number of species than those with low abundance of B. orientalis. Steinlein at al. (1996) also found that vegetation patches dominated by B. orientalis (over 50% cover) had only half as many species as those with low abundance of B. orientalis (up to 50% cover). Our results, however, indicate that increased B. orientalis cover in invaded plots in the Zakopane Basin was not accompanied by a significant decline in species number (Fig. 7) . The relationship patterns between species diversity and B. orientalis cover differed for anthropogenic habitats and meadows. In anthro-pogenic habitats, which have relatively low diversity, e.g. road verges, road embankments and ditches, an increase in B. orientalis cover was not accompanied by a significant reduction in species number, or a reduction in cover by other plant taxa. On the contrary, initially, increased abundance in B. orientalis was positively correlated with increased diversity. In meadows, however, which originally had high species diversity, an increased dominance by B. orientalis was, from the onset, accompanied by a significant reduction in species diversity and evenness. This was caused by the suppression of the dominant species of the Arrhenatheretea class. Unfortunately, the results of this study do not allow us to state conclusively that the relationship that we observed between abundance of B. orientalis and species diversity was solely due to invasion by B. orientalis, since our observations of the invaded plots were not repeated, neither were the invaded plots compared with control plots that had not been invaded (Levine et al. 2003) . However, since reduction in species diversity and the suppression of native plants in response to increased B. orientalis cover has also been reported for other regions where this species is spreading (Brandes 1991; Steinlein et al. 1996) , it seems likely that this relationship is not merely a coincidence, but is probably due to the presence of the invading species.
Invasion by B. orientalis poses a serious threat to native plant communities in the Rów Podtatrzański trench and at lower elevations in the Tatra National Park. Probably, the invader will continue to increase in frequency along roadsides and in meadow and pasture communities, while simultaneously becoming more dominant in already occupied sites. Factors, which determine the spread of B. orientalis certainly include soil properties. Bunias orientalis prefers locations with a medium to high nitrogen supply (Steinlein at al. 1996) and lime-rich soils (Brandes 1991; Fija lkowski 1994) . Therefore, it is likely to continue to spread in the western parts of the Rów Podtatrzański trench and in valleys of the Western Tatras, which are mainly formed of sedimentary rocks that are rich in lime. In the eastern part of the Rów Podtatrzański trench, at the foothills of the High Tatras, and in the valleys of the High Tatras, formed from crystalline rocks, expansion of B. orientalis is less likely due to the considerably reduced presence of suitable habitats. Here, open communities are often formed by floristically poor acidophilic Hieracio-Nardetum grassland, or in damper habitats, sedge swamps. It is possible, however, that B. orientalis may spread there along roadsides, wherever it can find a suitable substratum.
Regarding the possibility that B. orientalis might spread into the Tatra National Park, its occurrence along roads in the National Park and in adjacent terrain should be monitored, since early recording of this species and the removal of a single plant or initial population, before it is able to multiply, may be effective in preventing its spread within the protected area.
